a r t i c l e s HR plays essential roles in the maintenance of genetic integrity by eliminating DNA lesions such as double-strand breaks, interstrand crosslinks and collapsed replication forks [1] [2] [3] [4] [5] . HR is also indispensable in meiosis, wherein it helps to ensure proper segregation of homologous chromosomes and also contributes to the generation of genetic diversity 6, 7 . HR is a highly intricate and precisely regulated process involving a large number of proteins and complexes 8, 9 . Among these, a family of conserved recombinases catalyze ATP-dependent pairing and strand exchange between homologous DNA molecules.
a r t i c l e s HR plays essential roles in the maintenance of genetic integrity by eliminating DNA lesions such as double-strand breaks, interstrand crosslinks and collapsed replication forks [1] [2] [3] [4] [5] . HR is also indispensable in meiosis, wherein it helps to ensure proper segregation of homologous chromosomes and also contributes to the generation of genetic diversity 6, 7 . HR is a highly intricate and precisely regulated process involving a large number of proteins and complexes 8, 9 . Among these, a family of conserved recombinases catalyze ATP-dependent pairing and strand exchange between homologous DNA molecules.
The most extensively studied recombinases are RecA in bacteria, RadA in archaea and Rad51 in eukaryotic cells [9] [10] [11] [12] [13] [14] . After ATP binding, recombinase protomers assemble into a right-handed helical filament on ssDNA (the invading strand), thereby generating a structure called the presynaptic filament [15] [16] [17] . The presynaptic complex engages and samples dsDNA while searching for a homologous region within the duplex. Successful homology search is followed by limited base-pairing between the invading strand and the complementary strand in the dsDNA 14, [18] [19] [20] [21] . This HR stage has been termed synapticcomplex formation 22, 23 . More extensive DNA-strand exchange follows, and the newly formed DNA joint molecule is bound by the recombinase filament within the postsynaptic complex. This complex is subsequently resolved with the disassembly of the recombinase filament and the recruitment of a DNA polymerase that extends the 3′ end of the invading DNA strand 8, 24, 25 . The HR reaction mediated by the conserved recombinases has been studied through biochemical, biophysical and structural approaches 19, 21, 22, 26 .
X-ray crystal structures of Escherichia coli RecA, yeast Rad51 and archaea RadA in their DNA-free states have been solved; these structures reveal homologous core domains responsible for ATP binding and protomer-protomer interactions [27] [28] [29] [30] . Electron microscopy at low resolution has also been used to examine the structures of RecA and Rad51 in complex with ssDNA or dsDNA in different nucleotide states [31] [32] [33] . An atomic-resolution view of RecA in complex with ssDNA and/or dsDNA has been obtained through X-ray crystallography 34 . These structures illustrate an extended conformation of the invading DNA along the central axis of the RecA filament assembly, as well as pairing with the complementary strand in triplet clusters. It has not yet been determined whether these attributes of the presynaptic and postsynaptic complexes of RecA are shared by the eukaryotic recombinases. Moreover, owing to the lack of structural information regarding intermediate states, it remains unknown how DNA strands in the homologous dsDNA become separated in the synaptic phase of the DNA-strand-exchange reaction.
In this study, we carried out cryo-EM analyses of human RAD51 in different states of the DNA-strand-exchange process and determined structures of presynaptic and postsynaptic complexes of RAD51 at nearatomic resolution. Furthermore, we captured an intermediate state in the strand-exchange process, thus allowing visualization of strand separation of the incoming duplex partner within the synaptic complex.
RESULTS

Cryo-EM structures of presynaptic and postsynaptic complexes
We incubated purified human RAD51 protein with ssDNA in the presence of AMP-PNP to form the presynaptic filament (Online Methods, Supplementary Table 1 and Supplementary Fig. 1 ). As we have previously shown 35, 36 , the ability of the presynaptic filament to conduct DNA-strand exchange with a homologous duplex-DNA partner is substantially enhanced by the recombinase cofactor Hop2-Mnd1 complex (Supplementary Fig. 1 ). The presynaptic filament and postsynaptic complex generated in the presence of Hop2-Mnd1 adopted a well-ordered helical structure under our cryo-EM conditions, thus allowing us to use the iterative helical real-space reconstruction (IHRSR) algorithm 37 to solve their 3D structures at 4.4-Å and 4.5-Å resolution, respectively (Online Methods, Table 1 , Fig. 1,  Supplementary Fig. 2 , and Supplementary Videos 1 and 2). Both structures possess similar helical parameters of a 15.8-Å rise and 56.77° twist, corresponding to a helical assembly of 6.3 RAD51 protomers per turn with ~100-Å pitch. Whereas the overall structures of the presynaptic and postsynaptic complexes are similar, a distinct difference is apparent along the helical axes of these complexes, in which the latter complex shows extra density (Fig. 1a,c) . Our reconstruction of the RAD51 presynaptic complex has a very similar overall protomer shape compared with the 3D reconstruction of the recently reported human RAD51 (HsRAD51) presynaptic complex, although the helical symmetry deviates slightly between the two 38 .
We built atomic models of the presynaptic and postsynaptic complexes from high-resolution EM maps, which show key features of secondary-structural elements and major side chains of the most rigid part in RAD51 as well as the DNA backbone and bases ( Table 1, Fig. 1b,d and Supplementary Fig. 3) . The atomic models include DNA and most of the residues of RAD51 except for the N-terminal 1-21 residues and a few residues in flexible loop regions. Notably, the density of DNA in reconstructions of both the presynaptic and postsynaptic complexes appears as triplet clusters in the asymmetric units of the helical RAD51 assembly. The current resolution did not allow us to resolve individual bases within the DNA density, but the density of DNA is sufficiently clear to reveal the bound bases and base pairs arranged in distinct triplets (Supplementary Fig. 3 ). The density corresponding to the complementary strand is relatively weaker than that of the invading strand in the postsynaptic-complex reconstruction, possibly because of the partial completion of the strand-exchange reaction. Our results thus provide evidence of a conserved mechanism of DNA engagement by RecA 34 and RAD51.
Although in our system, we added Hop2-Mnd1 complex at ~12% of the RAD51 population to enhance the strand-exchange reaction, we did not detect any prominent density corresponding to this complex in our reconstruction of the postsynaptic assembly. This result may have occurred because of low occupancy or high flexibility of the complex within the filament, either of which might have resulted in the signal being averaged out in our reconstruction process. We confirmed this possibility with a control experiment indicating that the reconstruction of the RAD51 presynaptic complex incubated with the Hop2-Mnd1 complex appeared to be very similar to the presynaptic complex free of Hop2-Mnd1 (Supplementary Fig. 1d ), although Hop2-Mnd1 has been shown to bind to the RAD51 presynaptic complex 35 . Our observation, however, did not rule out the possibility that the Hop2-Mnd1 complex may dissociate from the RAD51 filament after the strandexchange reaction or during EM specimen preparation.
RAD51 structure and protomer-protomer interactions
The overall protein conformation and protomer-protomer interactions are very similar in the presynaptic and postsynaptic complexes (Supplementary Fig. 4a) . Consistently with the high homology among different recombinases 27 , the tertiary structure of human RAD51 in its functional states is similar to that described for yeast Rad51 and archaea RadA 27, 29 ( Supplementary Fig. 4b-d) . The most prominent RAD51 (1) RAD51 (2) RAD51 (3) RAD51 (4) RAD51 (5) RAD51 (6) b RAD51 (1) RAD51 (2) RAD51 (3) RAD51 (4) RAD51 (6) RAD51 ( a r t i c l e s conserved features include an N-terminal domain comprising five α-helices, a β-strand responsible for protomer-protomer interactions and a classical α/β ATPase core domain with both nucleotide-binding Walker motifs and DNA interacting loops 27 ( Supplementary Fig. 5 ). RAD51 protomers form the helical assembly mainly via three interfaces. The first is mediated by an ATP molecule (Fig. 2a) sandwiched between two adjacent protomers at a conserved interface among RecA, RadA and Rad51. The EM map shows a clear density corresponding to AMP-PNP bound by two neighboring RAD51 protomers. The Walker A motif spanning residues 127-GEFRTGKT-134 stabilizes AMP-PNP with conserved residues K133 and T134 surrounding the phosphates ( Fig. 2a and Supplementary Fig. 5 ), a result consistent with the known role of these residues in ATP-mediated binding and hydrolysis 39, 40 . E163, which is equivalent to E96 in RecA, and D316, which is critical for RAD51's recombinase activity 41 , surround AMP-PNP. Furthermore, the residues responsible for coupling nucleotide binding and nucleic acid interaction are conserved between RAD51 and RecA ( Fig. 2a,b) . In comparison with the available crystal structures of other recombinases, the nucleotide-bridged interaction interface in human RAD51 resembles that described for RadA and RecA filaments but differs from that of the yeast Rad51 filament, for which an ~20° rotation and an ~10-Å translation of the protomers are needed to align with filaments of human RAD51 ( Fig. 2c and Supplementary  Fig. 4b-d) , thus reflecting the greater pitch (130 Å) of the yeast Rad51 filament in its crystal structure 29 .
The second interaction interface is formed by the packing of a short β-strand of the linker region (residues 85-GFTT-88, between the N-terminal domain and the ATPase domain of one protomer) against the central β-sheet of the ATPase domain in the adjacent protomer (Fig. 2d) . This interaction is a unique feature of Rad51, as revealed in the crystal structures of yeast Rad51 and human RAD51 bound to the BRC peptide derived from the tumor suppressor BRCA2 (refs. 28,29) . The third interaction interface, which is conserved in the yeast Rad51 filament 29 , is an aromatic packing between residue Y54 in the N-terminal domain of one protomer and residue F195 in the ATPase domain of the adjacent protomer (Fig. 2d) .
Among the protomer-protomer interactions, the ATP-mediated interface is primarily responsible for defining the helical parameters of RAD51 assembly within the presynaptic and postsynaptic complexes, whereas the other two interfaces further stabilize the assembly. Such a protomer-protomer interaction configuration also defines the DNA conformation within the complex.
Interaction of RAD51 with DNA in the presynaptic and postsynaptic complexes As in the case of RecA, human RAD51 engages ssDNA and dsDNA in nucleotide triplet clusters. In both the presynaptic and postsynaptic complexes, two loop regions, loop 1 and loop 2, of RAD51 are involved in DNA interactions and play important roles in DNAstrand exchange.
In the presynaptic complex, the three triplet residues together are held by three RAD51 protomers via the phosphate backbone of the DNA, with stacked bases being exposed and pointing in the axial direction ( Fig. 3a-d and Supplementary Video 1) . We designate the a r t i c l e s three consecutive RAD51 protomers interacting with a nucleotide triplet from 5′ to 3′ as RAD51-5′, RAD51-0 and RAD51-3′ (Fig. 3a) .
The nucleotide triplet is sandwiched by loop 2 of RAD51-5′ and RAD51-0 in the axial direction and loops 1 and 2 of RAD51-0 in the tangential direction. From the 5′ end of a triplet, the first phosphate group interacts with residue A271 of RAD51-5′ and N290 of RAD51-0, which are equivalent to M197 and N213 in RecA. The second phosphate is bound by residues of RAD51-0 including G288 and G289 (equivalent to G211 and G212, respectively, in RecA) and R241 ( Fig. 3b,d and Supplementary Fig. 5 ). The third phosphate interacts with R229 of RAD51-0. V273 of loop 2 in RAD51-5′, the equivalent of I199 in RecA, inserts into the space between the third base of the RAD51-5′-bound triplet and the first base of the RAD51-0-bound triplet, thus stabilizing the intertriplet base separation with the help of other loop 2 residues ( Fig. 3d and Supplementary Fig. 5 ).
With these interactions, the RAD51 filament extends the ssDNA to ~1.5 times the length of B-form DNA, a feature also conserved in the RecA filament 34 (Supplementary Video 1) .
In the postsynaptic complex compared with the presynaptic complex, the interaction of RAD51 with the invading strand is nearly identical. Both the loop 1 and loop 2 regions are better resolved in the postsynaptic complex, thus indicating additional protein-DNA interactions that stabilize the exchanged product (Supplementary Video 2 and Fig. 3e,f) . The complementary strand also forms Watson-Crick base pairs with the invading strand in triplet clusters (Supplementary Video 2). We found that a specific residue, R235 in loop 1 of RAD51-0, which is not available in RecA, inserts into the space between two adjacent nucleotide triplets and interacts with the phosphate backbone of the complementary strand (Fig. 3e,f and Supplementary  Fig. 5) . R235 also appears to undergo an electrostatic interaction with D274 in loop 2 of the adjacent RAD51-5′ protomer (Supplementary Video 2). The above observation is consistent with the finding that R235, when mutated to glutamate, abrogates DNA-strand exchange even though it has only a slight effect on ssDNA binding by RAD51 (refs. 42,43). The corresponding residue in E. coli RecA, as identified a r t i c l e s by sequence homology alignment, is D161, which appears to be important for the ssDNA binding specificity of RecA 44 . It is possible that R235 may help to capture the DNA substrate and lower the energy state of the complementary strand after base-pairing with the invading strand has occurred.
Capture of an intermediate state of strand exchange during synaptic-complex formation
We sought to visualize the displaced DNA strand in the postsynaptic complex but did not detect any additional density in the final reconstruction. This absence suggests that the displaced strand either had already dissociated from the postsynaptic complex or was in a highly disordered configuration.
A recent study has shown that dsDNA with an identical region of 8 nt can be captured by the presynaptic filament and subsequently undergo strand exchange 45 . To capture the synaptic complex by cryo-EM, we used as substrates a 72-nt ssDNA (oligo 4 in Supplementary  Table 1 ) with four identical 18-base repeats and an 18-bp dsDNA (oligo 5/oligo 6 in Supplementary Table 1) bearing a five-base heterologous sequence (Fig. 4a) . The use of these partially homologous DNA substrates yielded abundant helical RAD51 complexes ( Supplementary  Fig. 6a ), thus allowing us to apply the same helical reconstruction procedure to solve the structure of this assembly to ~5-Å resolution. Interestingly, this structure largely resembles the postsynaptic complex with two DNA strands bound within the RAD51 helical assembly, thus indicating that strand exchange has occurred ( Supplementary  Fig. 6b ). Importantly, a close comparison with the postsynaptic complex formed by perfectly identical DNA substrates revealed that the complementary-strand density is weaker in the reconstruction, thereby suggesting that full strand exchange is prevented by the heterologous region in the substrates (Supplementary Fig. 6b ).
Because we used the helical parameters with each RAD51 protomer as an asymmetric unit in the above reconstruction, any differences among the protomers were averaged in the final reconstruction. However, our uniquely designed DNA substrates may have introduced structural variance within every 18 nt or each helical repeat of six RAD51 protomers. To reveal the structural details of the helical assembly, we developed an algorithm to align and reconstruct the helical assembly by using every six contiguous RAD51 protomers as the asymmetric unit (Online Methods and Supplementary Fig. 6c ). This algorithm also aligned all the particle segments in register of the 18-nt repeat, thus allowing the structural variations within each RAD51 hexameric repeat to be captured. Through this method, we obtained a reconstruction of the complex at ~12-Å resolution, in which differences between the RAD51 protomers are apparent, most notably an extra density between the ATPase domain and the DNA (Supplementary Fig. 7a ). These differences became more prominent after subtraction of the atomic models of the postsynaptic or presynaptic complex separately from the EM map (Supplementary Fig. 7b,c  and Supplementary Video 3) . Within the RAD51 hexameric repeat units, extra density is present in every fourth consecutive protomer, whereas the last two protomers of these repeats lack this feature. Interestingly, the last two RAD51 protomers also have a relatively weak complementary strand density indicative of a lack of a DNA-strandexchange product within the confines of these protomers (Fig. 4b) . Using the same image-processing procedure, we observed no extra density in the postsynaptic complex generated from the perfectly matched DNA substrates (Supplementary Fig. 7d-f ). 
a r t i c l e s
Together, the results above reveal a synaptic reaction in which strand exchange proceeds normally but becomes arrested after the heterologous region in the duplex substrate is encountered. In this arrested state, the displaced strand remains in the vicinity of the synaptic complex, thus probably accounting for the extra densities in the 3D reconstruction (Fig. 4c) .
DISCUSSION
Cryo-EM allowed us to visualize the various states of the human RAD51-DNA complex during the HR process at high resolution. The near-atomic-resolution structure of the presynaptic and postsynaptic complexes reveals a similar manner of interaction but distinct features between RAD51 and bacterial RecA in complex with their ssDNA and dsDNA substrates.
Using a specially designed DNA-substrate combination, we were able to capture the structure of an arrested strand-exchange synaptic complex with extra densities proximal to the C-terminal region of the RAD51 ATPase domain. If these densities were derived from the displaced DNA strand, they would be consistent with the premise that a secondary DNA-binding site, which encompasses R130 and K304 (ref. 46) , facilitates strand separation in the homologous dsDNA partner (Fig. 5a) . R235 probably helps to stabilize the complementary strand in its stretched conformation. Whether the same secondary DNA-binding site is responsible for dsDNA recruitment remains to be addressed.
A role of R235 in stabilizing the complementary strand within the postsynaptic complex in its extended state may provide a mechanistic explanation for the recent finding that a region of eight contiguous homologous nucleotides represents the baseline for successful pairing between recombining DNA molecules. In the postsynaptic complex, the complementary strand is both undertwisted and extended as compared with B-form DNA. Whereas the average strand-extension ratio is ~1.5, we observed that over a short range (for example, 8 nt) the extension ratio reached up to 1.67 for a complementary strand engaged by four consecutive RAD51 protomers (the fourth configuration in Fig. 5b) . We surmise that when a strand bearing 8 nt of contiguous homology pairs with the invading strand, its stability is enhanced by three R235 residues in an extended conformation, thus resulting in an energy state that disfavors conversion to B-form DNA. Other factors may further stabilize the synaptic ensemble: for example, the secondary binding site of RAD51 may help to maintain the displaced strand in the unwound state (Fig. 5c) . When the pairing sequence has fewer than eight homologous nucleotides, the DNA joint is inherently labile because, in this case, no more than two R235 residues are engaged in stabilizing the nascent-DNA joint (the first and second configurations in Fig. 5b) . Our model predicts the presence of other configurations of the 8-nt-based microhomology search, in which the DNA-extension ratio is smaller (1.51), and the extended strand is held by fewer R235 residues (for example, the third configuration in Fig. 5b) . Such configurations may be less stable. The existence of heterogeneous configurations would also apply to search steps involving more than 8 nt of homology. In the future, it will be interesting to investigate whether there are multiple species with different stability states in the HR reaction. These species may be targets of regulation by accessory factors of the recombinase. The cryo-EM structures capturing different stages of the DNAstrand-exchange process and the conceptual models (Fig. 5c) presented here provide a framework to delineate how various factors regulate RAD51-dependent HR and chromosome damage repair.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METHODS
DNA substrates and protein.
The DNA substrates with their sequences are listed in Supplementary Table 1. All the DNA substrates were prepared and purified by gel electrophoresis, as previously described 47 . The dsDNA substrates were prepared by annealing oligo 2 with oligo 3, oligo 5 with oligo 6, or oligo 7 with oligo 8 (Supplementary Table 1) .
Human RAD51 protein was expressed in E. coli and purified through our previously described procedure 48 . The mouse Hop2-Mnd1 complex was expressed in E. coli and purified as previously described 49 .
Homologous DNA pairing assay. The reaction was assembled in buffer (25 mM Tris-HCl, pH 7.5, 50 mM KCl and 1 mM dithiothreitol) that contained 1 mM AMP-PNP and 2 mM MgCl 2 in a final volume of 12.5 µl. The 150-mer oligo 2 (6 µM nt) was incubated with RAD51 (2 µM) at 37 °C for 5 min; this was followed by the addition of Hop2-Mnd1 (100, 200 or 400 nM) and a 5-min incubation. Then 32 P-labeled homologous dsDNA (oligo 7/oligo 8, 6 µM base pairs) was added to initiate the pairing reaction. After a 15-min incubation, the reactions were mixed with an equal volume of 1% SDS containing 1 mg/ml proteinase K. After a 5-min incubation, the deproteinized reaction mixtures were resolved in 10% nondenaturing polyacrylamide gels in TAE buffer (30 mM Tris-acetate, pH 7.4, and 0.5 mM EDTA) at 4 °C. The gels were dried, and the products were visualized by autoradiography and quantified with Quantity One software for the Personal Molecular Imager (Bio-Rad) 49 .
Assembly of presynaptic and postsynaptic complexes. All the reaction steps were carried out at 37 °C. For assembly of presynaptic filaments, 72-mer poly(dT) (oligo 1) (6 µM nucleotides), was incubated with RAD51 (2 µM) in reaction buffer comprising 25 mM HEPES, pH 7.5, 25 mM KCl, 4 mM MgCl 2 and 4 mM AMP-PNP (Sigma), at 37 °C for 60 min. As a control, the complex was also incubated with Hop2-Mnd1 (250 nM) for 25 min before preparation of EM samples.
For DNA-strand-exchange reactions, the 150-mer ssDNA oligo 2 (6 µM nucleotide) was incubated with RAD51 (2 µM) at 37 °C for 60 min. After incubation with Hop2-Mnd1 (250 nM) for 10 min, the reaction was initiated by addition of homologous dsDNA (oligo 2/oligo 3; 5.1 µM base pairs) and incubated for an additional 15 min.
Assembly of arrested synaptic complexes. The 72-mer oligo 4 (6 µM nucleotide) was used to assemble RAD51 2 µM presynaptic filaments as described above. The filaments were incubated with Hop2-Mnd1 for 10 min before the 18-bp dsDNA (oligo 5/oligo 6; 6 µM base pairs) was added for the synaptic reaction. The reaction was incubated for an additional 20 min before cryo-EM sample preparation.
Cryo-EM specimen preparation and electron microscopy data acquisition. To prepare the cryo-EM specimen, 4 µl of the reaction mixture containing presynaptic, postsynaptic or arrested synaptic complexes was placed on a glowdischarged holey carbon grid (Quantifoil Cu R1.2/1.3) and flash plunged into liquid ethane cooled at liquid-nitrogen temperature with an FEI Vitrobot Mark IV with a blotting time of 3.5 s and a blotting force of −2 in an environment with 100% humidity and a 20 °C temperature. The grids of presynaptic and postsynaptic complexes were transferred to a Titan Krios electron microscope (FEI) operated at an acceleration voltage of 300 kV and equipped with a K2 Summit direct electron-counting camera (Gatan) ( Table 1) . Movies of the specimens were recorded manually at a nominal magnification of 22,500 with K2 superresolution mode, thus yielding a pixel size of 0.653 Å, with the UCSF-Image4 data-collection user interface 50 . The specimen was exposed to a dose rate of approximately 8 counts/s/physical pixel (~6.2 e − /s/Å 2 ) and total exposure time of 8 s with 0.25 s per frame (total 32 frames) with a defocus value ranging from −1.5 to −2.5 µm. For the arrested synaptic complex, the cryogrids were transferred to a Titan Krios microscope operated at a 300-kV acceleration voltage and equipped with a Falcon II direct electron-detecting device (FEI) ( Table 1) . Movies of the specimen were collected on the microscope with defocus values ranging from −1.5 to −2.3 µm at a nominal magnification of 75,000, a pixel size of 1.05 Å, a dose rate of ~30 e − /s/Å 2 and a total exposure time of 1.7 s with 27 frames per exposure.
Image processing of presynaptic and postsynaptic complexes. The 32 frames of dose-fractionated movie images were first aligned and summed with whole-frame motion correction with dosef_gpudriftcorr 51 and binned two-fold to generate a drift-corrected summation of each movie frame. Further processing used the motion-corrected summation micrographs. The CTF parameters of each micrograph were determined with CTFFIND3 (ref. 52) . For each helical filament in a micrograph, we used the EMAN2 subroutine e2helixboxer.py to extract the helical-particle segment coordinates with a box size of 256 × 256 pixels and 90% overlap between adjacent particles ( Table 1) . Three-dimensional reconstructions were executed independently in a SPIDER version of IHRSR and a modified RELION1.2 version of IHRSR [53] [54] [55] (Supplementary Fig. 2) .
In the SPIDER reconstruction approach, particles were extracted from CTF phase-flipped micrographs and subjected to 2D classification in the IMAGIC-4D package 56 to exclude bad particle images. Only the particles in 2D class averages showing clear features were retained for 3D reconstruction with IHRSR in SPIDER 57 . The particles were aligned against a cylindrical initial model using initial helical parameters of ∆ϕ = 56.8° and ∆z = 15.7 Å ( Table 1) . After ~50 iterations, both the helical parameters and the 3D reconstruction converged to a stable solution. At the final step, we corrected the 3D map for the CTF amplitude by weighting the amplitudes calculated and averaged with the defocus values from all the images used for the back projections and for the Gaussian envelope half width, by using a value of 0.25. The resolutions of the reconstruction estimated from the Fourier shell correlation (FSC) between reconstructions derived from two randomly selected halves of the data set with an 0.5 criterion were approximately 3.8 and 4.0 Å for presynaptic and postsynaptic complexes, respectively.
In the RELION reconstruction approach, the overall procedure was similar to general single-particle analysis but used a modified version of RELION with IHRSR implementation 54 . Briefly, reference-free 2D classification was performed to remove bad particle images. The initial model for 3D analysis was a low-passfiltered model at 60-Å resolution from the SPIDER reconstruction approach. We performed 3D classification and refinement as in regular single-particle analysis but imposed the converged helical parameters from IHRSR at the end of each iteration. The final converged reconstructions had exactly the same helical parameters as those calculated through the SPIDER approach. To estimate a 'gold standard' FSC resolution, we masked three neighboring protomers from two independent RELION helical-reconstructed volumes from a randomly separated half data set ( Supplementary Fig. 2b,d) . On the basis of the 0.143 criterion, this approach yielded a resolution estimation of 4.4 and 4.5 Å for the presynaptic complex and postsynaptic complex, respectively. The maps were postprocessed in RELION 1.2 to manually filter to the final resolution, and a B factor of −250 Å 2 was applied to sharpen the maps.
Image processing of the arrested synaptic complex. For the arrested synaptic complex, the 27 movie frames were first motion corrected with dosef_ gpudriftcorrr. We used only the motion-corrected summation of the movies for further image processing. To account for the potential structural difference with every 18-nt DNA repeat or six consecutive Rad51 protomers, we developed an algorithm to perform reconstruction of the complex in hexameric repeats (Supplementary Fig. 6c) . First, we picked the helical particle segments from each filament in the motion-corrected micrographs with a box size of 400 × 400 pixels ( Table 1) . The adjacent segments from the same filament had a nonoverlapping length of 90 pixels along the helical axis, corresponding to a rise of approximately one repeat of the RAD51 hexamer. We first used the same reconstruction method as that used for the presynaptic and postsynaptic complexes in SPIDER and searched for the converged helical parameters for RAD51 protomers.
In parallel, we used FREALIGN to perform the 3D reconstruction 58 . We first performed a global parameter search with the classesbymra program in EMAN against the reference from the SPIDER reconstruction. We then performed two rounds of local refinement in FREALIGN to generate a reconstruction with the RAD51 monomer as the asymmetric unit in the helical assembly. Subsequently, for each filament, we reassigned the azimuthal angle of the consecutive segments to a unified set of values to follow the helical order with the hexameric RAD51 repeat, in a step that we called 'unify phi' . Subsequently, Euler angles of all the segments from the same helical filament were linked together in a unified relationship. From the longest filament image that we obtained, we were able to calculate a 3D reconstruction with the hexameric RAD51 repeat as the asymmetric unit of the helical assembly. This model was used as a reference to align all the other filaments. Because the 18-bp dsDNA has a unique homologous pattern on the ssDNA, we needed to find the register of the starting RAD51 protomer of a consecutive hexameric unit that binds each 18-nt repeat among the different helical assemblies. After the unify phi step, there were six possibilities in which all the segments in a particular filament could match with the reference, each with an overall cross-correlation score. We calculated the value for each filament for the six possibilities, as compared against the reference, and picked the value of the highest score as the correct option 59 . After this 'register search' step, we calculated a new 3D reconstruction and updated the reference with the new map. After several iterations of the register search, the Euler angles for all the segments stabilized, and the 3D reconstruction converged to a final solution in FREALIGN.
Model building and refinement. The initial atomic model of human RAD51 protomers in both the presynaptic and postsynaptic complexes was generated from the crystal structure of yeast Rad51 (PDB 1SZP) by CHAINSAW 60 and was rigid-body docked into the electron density map in UCSF-Chimera 61 . The two loops L1 (232-YSGRGEL-238) and L2 (270-VAQVDGAAMFAADPKKPI-287) involved in DNA binding are highly flexible and are therefore absent in the crystal structure. We manually built the model of these two portions on the basis of our EM map by using COOT 62 . We also appended DNA and AMP-PNP manually in COOT, and added Mg 2+ . The structure was further refined in real space in PHENIX with secondary-structure restraint 63 . We replicated the built models multiple times and fitted them into the EM maps of the presynaptic and postsynaptic complexes in UCSF-Chimera by following their corresponding helical symmetries to generate the atomic models of longer assemblies. We then manually refined the atomic models of RAD51 and DNA strands at the protomer interface in each assembly structure in COOT. Finally, the models of presynaptic and postsynaptic assemblies were refined in real space in PHENIX with secondary-structure restraint 63 ( Table 1) .
The atomic models were cross-validated as previously described 64 . Briefly, each model was first refined against the best reconstruction. To monitor the refinement of the model and avoid overfitting, the final model was refined against one half map (working map) and tested against the other half map (testing map) by calculation of FSC curves (Supplementary Fig. 2c,e) , which indicated that the refinement of the atomic coordinates was not overfitted.
Data accessibility.
The EM reconstructions and their corresponding atomic coordinates have been deposited in the Electron Microscopy Data Bank, under accession codes EMD-9566 (presynaptic complex), EMD-9567 (postsynaptic complex) and EMD-9568 (arrested synaptic complex), and in the Protein Data Bank, under accession codes PDB 5H1B (presynaptic complex) and PDB 5H1C (postsynaptic complex). Source data files and construct materials related to this work are available upon request.
